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Specific interactions are likely to occur between the highly conserved N-proximal arginine-rich motif (ARM) of Brome mosaic
virus (BMV) coat protein (CP) and each of three genomic RNAs and a single subgenomic RNA during in vivo encapsidation. To
characterize these interactions, three independent deletions were engineered into a biologically active clone of BMV RNA3 (B3)
such that the matured CP of each B3 variant precisely lacks either the entire ARM (B3/D919) or two consecutive arginine residues
(B3/13DD14 and B3/18DD19) within the ARM. Analysis of virion RNA for each B3 variant recovered from symptomatic leaves of
Chenopodium quinoa revealed that the interactions between the N-terminal ARM of BMV CP and each of three genomic RNAs is
distinct. Northern blot hybridization of B3D919 virion RNA revealed that the deleted ARM region specifically affected the stability
of virions containing RNA1. An abundant truncated RNA species recurrently found in the virions of B3D919 was identified to be a
derivative of genomic RNA1, lacking the 59 943 nucleotides. Additional Northern blot analysis of virion RNAs from B3/D919,
B3/13DD14, and B3/18DD19, and in vitro reassembly assays revealed that the N-terminal ARM region contains crucial amino acids
required for RNA4 packaging, independent of genomic RNA3. The significance of these observations in relation to Bromovirus
CP-RNA interactions during virion assembly is discussed. © 2000 Academic Press
t
i
m
v
c
b
t
p
s
v
p
T
uINTRODUCTION
The coat proteins (CPs) of many plant viruses with
icosahedral symmetry and containing single-stranded,
(1) sense RNA genomes such as members of genera
Bromovirus, Cucumovirus, Sobemovirus, and Tombusvi-
rus have basic N-terminal arms that have been predicted
to play an important role in RNA recognition during en-
capsidation in vivo (Fox et al., 1994; Sacher and Ahlquist,
1989; Sgro et al., 1986; Vriend et al., 1986). In Bromovi-
ruses, the basic environment is largely the result of the
presence of a highly conserved N-terminal arginine-rich
motif (hereafter referred to as ARM) (Fox et al., 1994; Rao
and Grantham, 1995; Sacher and Ahlquist, 1989). This
arginine-rich domain, found in Bromo and Cucumovirus
coat proteins (Rao and Grantham, 1996), bacterial anti-
terminators (Lazinski et al., 1989), ribosomal proteins,
and human immunodeficiency virus (HIV) Tat and Rev
proteins (Burd and Dreyfuss, 1994; Tan and Frankel,
1995) recognizes specific regions in RNA when the pep-
tide is in a-helical form. Vriend et al. (1986) suggested
hat the N-terminal arm of Bromovirus CP is flexible prior
o interacting with viral RNA. This flexibility of the
-terminal arm is of great importance since it provides a
echanism to enhance the probability of interaction be-
1 To whom correspondence and reprint requests should be ad-
ressed. Fax: (603) 590-6673. E-mail: arao@ucrac1.ucr.edu
377ween protein and RNA. The large number of basic res-
dues within the first 25 N-terminal amino acids in Bro-
ovirus CPs [7 arginines and 1 lysine for Brome mosaic
irus (BMV) and 6 arginines and 3 lysines in Cowpea
hlorotic mottle virus (CCMV)] suggests that interaction
etween the negative phosphate groups in the RNA and
he positive basic amino acids is important for nucleo-
rotein assembly. Based on in vitro analysis, it has been
uggested that many nucleic acid binding proteins pro-
ide the best nucleic acid–protein interaction when the
rotein adapts an a-helical conformation (Van der Graaf
et al., 1992; Tan and Frankel, 1995).
The genome of BMV is divided among three genomic
RNAs and the CP is synthesized from a single sub-
genomic RNA4 derived from progeny (2) RNA3 by inter-
nal initiation (Ahlquist, 1994). Bromovirus virions, with
5 3 symmetry, are assembled from 180 identical sub-
nits of a single CP (Speir et al., 1995). At present it is not
known how a single BMV CP discriminates between
each of the three genomic and a single subgenomic RNA
and packages them into three individual particles of
indistinguishable size and morphology. Previous deletion
analysis of BMV CP N-terminal basic arm region dem-
onstrated that variants lacking the N-proximal 7 but not
19 amino acids are biologically active and assembled
into RNA containing virions in vivo (Rao and Grantham,
1995, 1996; Sacher and Ahlquist, 1989). These observa-
tions indicated that amino acid residues located be-
0042-6822/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
i
a
a
b
v
r
g
v
f
w
c
g
p
r
b
B
m
p
r
378 CHOI, GRANTHAM, AND RAOtween 7 and 19 are intimately involved in interactions
with each of the three genomic and the single sub-
genomic RNA. To precisely identify critical amino acid(s)
of the ARM required for recognizing and packaging each
BMV RNA, we have constructed and analyzed the bio-
logical activity and encapsidation competence of three
BMV CP variants with defined deletions in the conserved
ARM.
RESULTS AND DISCUSSION
Characteristics of B3/D919
The first 25 N-proximal amino acid region of Bromovi-
rus CP is highly basic (Fig. 1A) and is not visible in the
electron density map where it is thought to interact with
the viral RNA inside the capsid shell (Speir et al., 1995;
Vriend et al., 1986). A cluster of arginine residues provid-
ng the basic environment is located between amino
cids 8 and 20 and is referred to as the N- terminal
rginine-rich motif (ARM; Fig. 1A). To analyze the contri-
ution of the ARM to BMV CP-RNA interactions during
irion assembly, a sequence encoding 11 amino acids
epresenting the ARM was precisely deleted from the CP
ene in the cDNA clone of BMV RNA3 (B3). This deletion
ariant, referred to as B3/D919 (Fig. 1A), is expected to
synthesize a CP devoid of five arginine residues con-
tained within the designated ARM. When transcripts of
B3/D919 are coinoculated with wild type (wt) BMV
genomic RNAs 1 (B1) and 2 (B2) to barley protoplasts, the
variant B3 replicated and synthesized subgenomic RNA4
but its accumulation levels are reduced by 90% as com-
pared with that of wt (Fig. 1B). Since subgenomic RNA4
is derived from progeny (2) RNA3 (Miller et al., 1985),
interestingly no difference in the accumulation of prog-
eny (2) RNA3 was observed when normalized against
genomic RNAs 1 and 2 (Fig. 1B). However, truncated CPs
translated from the subgenomic RNA4 of B3/D919 accu-
mulated to wt levels (Fig. 1C). The reason for the reduced
levels of subgenomic RNA4 of B3/D919 accumulation is
not obvious, since several variants of B3 capable of
synthesizing truncated CPs accumulated to near wt lev-
els (Rao and Grantham, 1995, 1996). One possible expla-
nation is that optimal recognition by viral replicase of the
subgenomic RNA promoter on progeny (2) RNA3 re-
quires the deleted sequence to maintain the spacial
requirement. Alternatively, the stability of subgenomic
RNA could have been affected by defective binding and
or/packaging exhibited by the truncated CPs (see be-
low).
In BMV infection, cell-to-cell movement and induction
of visible local lesions in C. quinoa require both move-
ment protein and CP (Schmitz and Rao,1996) and only
those CP variants competent for virion assembly in vivo
are able to induce local lesions (Rao and Grantham,
1995, 1996; Rao, 1999). Therefore, it could be tested
directly whether truncated CP of B3/D919 is capable ofvirion assembly by inoculating C. quinoa. Thus, an inoc-
ulum containing a mixture of in vitro synthesized RNA
transcripts of wt B1, B2, and B3/D919 was inoculated onto
approximately 3-week-old C. quinoa plants that had been
kept in the dark for at least 18 h. Control inoculations
FIG. 1. Characteristics of BMV CP variants used in this study. (A) The
structure of wild type (wt) BMV RNA3 (B3) is shown, with noncoding
sequences represented as single lines and the movement protein gene
(3a) as an open box. The stippled box represents the CP gene. The
sequence of the first 25 N-terminal amino acid region, predicted to
interact specifically with viral RNA, is shown and the underlined amino
acid sequence represents the N-terminal arginine-rich motif (ARM)
conserved among plant and nonplant viruses. Positively charged side
chains, which are also trypsin cleavage sites, are indicated by (1). In
bromoviruses, the initiating methionine (enclosed in parentheses) is
removed and the resultant N-terminal serine is acetylated in the mature
coat protein (Moosic et al., 1983). In variant B3/D919, the deletion of the
ARM located between amino acids 8 to 20 is indicated by a solid line.
In B3/13DD14 and B3/18DD19, deletion of arginine residues located at
13 and14 and 18 and19, respectively, are indicated by D. (B) Replication
and analysis of progeny (1) and (2) strand RNA of wt B3 and B3/D919
in barley protoplasts. Approximately 2.5 3 105 protoplasts were trans-
ected with the desired combination of RNA transcripts and progeny
as subjected to Northern blot analysis. The blots were hybridized with
32P-labeled riboprobes of desired specificity and complementary to the
onserved 39 noncoding region. The positions of the three BMV
enomic RNAs and a single subgenomic RNA4 are shown. Detection of
rogeny (1) and (2) strands required 2- and 48-h exposure times,
espectively. (C) Western blot analysis of matured CP derived from
arley protoplasts transfected with wt B1 and B2, and either wt B3 or
3/D919 transcripts. The positions of CP1 (synthesized from the first
ethionine) or CP2 (synthesized from second methionine located at
osition 8; panel A) are shown. Note: Deletion of ARM in B3/D919
esulted in faster migration of CP.were made with an inoculum containing all three wt
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379MOLECULAR STUDIES ON BROMOVIRUS CAPSID PROTEINgenomic BMV RNA transcripts. As expected, C. quinoa
plants inoculated with wt control developed chlorotic
local lesions (Fig. 2A) 4 to 5 days postinoculation (dpi)
and displayed systemic mottling on upper uninoculated
leaves 10–12 dpi. By contrast, C. quinoa plants inocu-
lated with B3/D919 displayed necrotic local lesions
which slowly expanded with time resulting in large ne-
crotic blotches (Fig. 2B). None of these plants developed
visible systemic symptoms even after 3 weeks postin-
oculation and no viral RNA could be detected in symp-
tomless uninoculated leaves when a total nucleic acid
FIG. 2. Symptom phenotypes induced in Chenopodium quinoa by an
noculum containing a mixture of wt B1 and B2 and either wt B3 (A) or
3/D919 (B) transcripts. The leaves were photographed at 5 days
ostinoculation (dpi) for wt and 7 dpi for the variant. (C and D) Electron
icrographs showing the characteristic features of purified virions of
t (C) and B3/D919 (D) recovered from symptomatic leaves of C.
uinoa. Purified virus preparations were negatively stained with uranyl
cetate and photographed at a magnification of 50,0003. Bar 5 50 nm.
(E) Agarose gel electrophoretic analysis of RNA isolated from purified
virions of wt (lane 1), B3/D919 (lane 2), B3/13DD14 (lane 3), and B3/
18DD19 (lane 4). Approximately 1 mg of each virion RNA sample was
subjected to electrophoresis in 1% agarose and stained with ethidium
bromide. In lane 2, the arrowhead indicates the position of RNA2a
component found only in B3/D919 virion preparations.preparation from these leaves was subjected to Northernblot hybridization and probed with riboprobes specific for
BMV RNAs (data not shown).
Truncated CP derived from B3/D919 is competent for
virion assembly in vivo
Since only virion assembly competent variants of B3
can induce local lesions (Rao, 1999), induction of local
necrotic lesions following inoculation with B3/D919 (Fig.
2B) indicated that a truncated CP from B3/D919 could
have assembled into virions and potentiated cell-to-cell
movement. To substantiate this assumption, virions were
purified from symptomatic leaves of C. quinoa and ex-
amined under an electron microscope. Although virions
of B3/D919 (Fig. 2D) appeared to be characteristic of
BMV in size and morphology, unlike wt BMV virions (Fig.
2C), they had larger electron-dense centers (Fig. 2D),
indicating that more uranyl acetate had penetrated into
the particles.
Since Bromoviruses are stabilized by RNA-protein in-
teractions and the fact that no empty virions accumulate
during Bromovirus infections in vivo (Fox et al., 1995),
virions recovered from B3/D919-infected C. quinoa pos-
sibly have packaged BMV RNAs. When RNA extracted
from purified virions of wt and B3/D919 was analyzed by
agarose gel electrophoresis, the profile for B3/D919 was
distinct from that of wt control (Fig. 2E, lanes 1 and 2). In
contrast to the characteristic profile of four BMV RNAs
found in the wt control (Fig. 2E, lane 1), only three RNAs
were detected for B3/D919 (Fig. 2E, lane 2). Two RNAs
with electrophoretic mobilities similar to those of BMV
genomic RNAs 2 and 3 were evident. An additional RNA
component migrating faster than genomic RNA2 (re-
ferred to as RNA2a and indicated by an arrowhead in Fig.
2E, lane 2), not found in wt BMV virions, was reproducibly
observed in several independent B3/D919 virion prepa-
rations. No RNA bands characteristic of either BMV
genomic RNA1 or subgenomic RNA4 were detected (Fig.
2E, lane 2), suggesting that virions packaging genomic
RNA1 and subgenomic RNA4 are less stable or incom-
pletely formed. However, inoculation of C. quinoa plants
with purified virions of B3/D919 resulted in symptom
phenotypes similar to those shown in Fig. 2B, indicating
particles containing RNA1 are present in the purified
preparations. In addition, we also found that storage at
220°C of either symptomatic leaves of C. quinoa or
purified virions of B3/D919 beyond a 2-week period ren-
dered the inocula noninfectious, suggesting that the en-
gineered deletion in BMV CP affected virion stability.
To verify the RNA profile in purified virions, a Northern
blot containing total and virion RNA preparations from
plants infected with the wt control and B3/D919 was
hybridized with riboprobes complementary to 39 noncod-
ing region conserved among all four BMV RNAs (Fig. 3A).
As expected, four BMV RNAs are readily detected in total
and virion RNA preparations of wt control (Fig. 3A). The
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380 CHOI, GRANTHAM, AND RAOtotal RNA preparations of B3/D919 also contained four
RNAs, including the subgenomic RNA4 that was not
detected by agarose gel electrophoresis (Fig. 2E, lane 2).
In these preparations, the levels of subgenomic RNA4
are similar to those observed in protoplasts (i.e., reduced
by 90%; Fig. 3A). However, when the levels of virion RNA1
of B3/D919 were compared to its level found in total
nucleic acid preparations, only trace amounts of full-
length genomic RNA1 were detected in virion RNA (Fig.
3A). Likewise, in total RNA preparations genomic RNA2
was synthesized to near wt levels, while 80% of it was
found to be packaged (Fig. 3A). Under denaturing condi-
tions RNA2a comigrated with genomic RNA3 (see Fig.
4G, lane 3) and therefore the packaging efficiency of
B3/D919 RNA3 could not be quantitated using the North-
ern blots shown in Fig. 3A. Thus, another Northern blot
FIG. 3. Progeny RNA analysis of wt BMV and three B3 variants from
C. quinoa plants. (A) Northern blot analysis of total nucleic acid (T) and
virion RNA (V) preparations of wt and B3/D919 recovered from symp-
tomatic C. quinoa leaves inoculated with wt B1 and B2 and the indi-
cated B3. Approximately 5 mg of total nucleic acid and 200 ng of virion
RNA was denatured with glyoxal and subjected to 1% agarose gel
electrophoresis prior to electrotransfer to nylon membranes. The blot
was hybridized with a 32P-labeled riboprobe complementary to the 39
oncoding region. The positions of four BMV RNAs are shown to the
eft. (B) Northern blot analysis of virion RNA of wt and indicated B3
ariants obtained from C. quinoa leaves. Approximately 200 ng of each
irion RNA was denatured and subjected to hybridization with a ribo-
robe complementary to a portion of the RNA4 sequence (Osman et al.,
998). The positions of BMV genomic RNA3 and subgenomic RNA4 are
hown to the left.containing virion RNAs was hybridized with a riboprobe qcomplementary to RNA4 sequence (Fig. 3B). Quantitative
analysis of this blot revealed that RNA3 derived from
B3/D919 was packaged with the same efficiency as that
of wt control (Fig. 3B). Interestingly, RNA2a found in the
virions of B3/D919 (Fig. 2E, lane 2) was not detected by
the 39-end probe and subsequent experiments revealed
that it comigrated with genomic RNA3 (see Fig. 4G, lane
3). The levels of encapsidated subgenomic RNA4 were
found be severely debilitated as compared with that of wt
control when the blots were hybridized with a riboprobe
specific for CP gene sequence (Fig. 3B).
Molecular characterization of RNA2a
To determine the origin and sequence of RNA2a spe-
cies found in the virions of B3/D919 (Fig. 2E, lane 2), this
RNA fragment was purified from virion RNA preparation
using low-melting-point agarose gel electrophoresis. Ini-
tial Northern hybridization analysis using riboprobes
specific for each of the three genomic RNAs revealed
that the RNA2a fragment originated from genomic RNA1,
since it did not hybridize to riboprobes specific for RNA2
or RNA3 (data not shown). Thus, to further characterize
the sequence of RNA2a, a series of Northern blots each
containing RNA2a along with virion RNA of wt BMV and
B3/D919 as controls, were produced and hybridized with
five independently synthesized riboprobes encompass-
ing the entire BMV genomic RNA1 (excluding the highly
conserved 39 noncoding region). Results of these hybrid-
ization experiments are shown in Fig. 4.
Hybridization of total RNA recovered from leaves inoc-
ulated with wt BMV and B3/D919 with a riboprobe spe-
cific for RNA1 detected full-length genomic RNA1 (Fig.
4A). However, hybridization of virion RNA of B3/D919 with
iboprobes specific for RNA1 revealed a distinct profile.
or example, in control lanes containing wt BMV RNA,
nly one RNA species was hybridized to each of the five
iboprobes (lanes 1 in Figs. 4B–4F). By contrast, hybrid-
zation of virion RNA preparations of B3/D919 with the
ame set of riboprobes detected a weaker signal for
enomic RNA1 and several faster migrating RNA species
f varying size, the smallest of which was approximately
00 nucleotides [nt; indicated with an asterisk (*) in Fig.
A, lane 2]. Since none of these faster migrating RNAs
as detected with a riboprobe complementary to the 39
ighly conserved noncoding region (Fig. 4G, lane 2), they
ll lacked at least the 39 200 terminal nt.
When gel purified RNA2a was analyzed under dena-
uring conditions, its mobility was approximately corre-
ated with that of BMV RNA3 (Fig. 4G; lane 3). This
uggested that a deletion of approximately 1100 nt from
enomic RNA1 had occurred to yield RNA2a. Since a
iboprobe complementary to the 39 tRNA-like sequence
trongly hybridized to RNA2a (Fig. 4G, lane 3), the dele-
ion must have occurred upstream of the 39-end se-
uence. Therefore to identify the missing sequences in
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381MOLECULAR STUDIES ON BROMOVIRUS CAPSID PROTEINRNA2a, multiple Northern blots containing purified
RNA2a were hybridized with five independent riboprobes
encompassing different regions of RNA1 (Figs. 4B–4F).
We are unable to precisely determine the extent of de-
letion in RNA2a, since all five probes hybridized to
RNA2a with varying intensities.
Our attempts to amplify and clone the purified RNA2a
using primers complementary to 59 and 39 terminal se-
quences of wt RNA1 in an RT-PCR reaction were unsuc-
cessful, although a cDNA fragment of the expected size
was amplified in control samples containing transcripts
of wt BMV RNA1. On the basis of Northern hybridization
results presented in Fig. 4, a series of 59-terminal primers
in combination with a common 39-terminal primer were
used in RT-PCR. A positive PCR fragment was obtained
for RNA2a only when a 59 primer complementary to a
FIG. 4. Characterization of virion RNA of B3/D919 and RNA2a. Sche
sequences are represented as solid lines. The coding region is shown a
desired sequences, for riboprobe synthesis, is also shown. Selected
example, plasmid pT7/T3B1SH was constructed by subcloning BMV
located at position 1219). S1, SacI; H3, HindIII; E5, EcoRV; B36, Bsu
reparations recovered from C. quinoa inoculated with either wt or B3/D
rom pT7/T3B1SH. The arrowhead indicates the position of BMV RNA1
f wt BMV, (2) virion RNA of B3/D919, and (3) gel purified RNA2a. B
T7/T3B1PS and pT7/T3B1SH. Blots D–F were hybridized with riboprob
r Bsu36I (F). Blot shown in (G) was hybridized with a riboprobe comp
f the riboprobe used to hybridize each blot is shown. The positions of t
he arrowhead in each panel represents the position of full-length ge
rom genomic RNA1.sequence between 953 and 979 nt (953ACGCTGC-CCCGGGAGACACTACGTCA979), but not with a se-
quence upstream to position 953, was present in the
reaction. This suggested that RNA2a had lost a se-
quence upstream of 953 nt. By using primer extension
we identified that RNA2a had lost the 59 943 nt. These
observations indicate that at least one of the major
binding sites for the N-terminal ARM resides within the
first 59 900 nt of BMV RNA1. This assumption is further
supported by the findings of Duggal and Hall (1993) that
one of the two CP binding sites on BMV RNA1 is located
between 668 and 1290 nt. Taken together, it seems that
the interaction between the N-terminal ARM of BMV CP
and the 59 943 nt of BMV genomic RNA1 is crucial for the
stability of packaged RNA1. Absence of specific interac-
tion perhaps destabilized the particles and exposed the
RNA1 to nuclease attack, resulting in the fragmentation
epresentation of the structure of BMV genomic RNA1. The noncoding
pled box. The position of selected restriction sites used for subcloning
nces cloned into pT7/T3–18U vector are indicated by brackets. For
equence present between SacI (located at position 569) and HindIII
XbaI. (A) An autoradiograph of Northern blot containing total RNA
he blot was hybridized with BMV RNA1-specific riboprobe synthesized
Autoradiographic images of Northern blots containing (1) virion RNA
and C, respectively, were hybridized with a riboprobe derived from
ived from pT7/T3B1HX by linearizing with either HindIII (D), EcoRV (E),
ary to 39 tRNA-like structure common to all four BMV RNAs. The size
V genomic RNAs and a single subgenomic RNA4 are shown on right.
NA. An asterisk (*) in blot (B) represent the 600-bp fragment derivedmatic r
s a stip
seque
RNA1 s
36I; X,
919. T
. (B–G)
lots B
es der
lement
hree BMobserved (Figs. 4B–4F, lanes 2).
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382 CHOI, GRANTHAM, AND RAOArginine residues at positions 13 and 14 are specific
for packaging BMV subgenomic RNA4
The first 25 N-terminal amino acids of a BMV CP
contain eight positively charged residues (one lysine and
seven arginines; Fig. 1A). The biological activity of B3/
D919 and encapsidation competence of its truncated CP
revealed that five arginine residues contained within the
deleted region (i.e., at positions 10, 13, 14, 18, and 19; Fig.
1A) either independently or collectively are likely to con-
tribute to the specific binding and/or packaging of BMV
RNAs. To identify which of the four arginine residues are
critically involved in RNA interactions, two additional
deletion variants of B3 were constructed (Fig. 1B). In
variants B3/13DD14 and B3/18DD19 (Fig. 1B), two con-
secutive arginine residues located at either position 13
and 14 or 18 and 19, respectively, are deleted. Indepen-
dent inoculation of these two variant B3 transcripts (in
combination with wt B1 and B2) were infectious to C.
uinoa. Interestingly, only B3/18DD19, but not
3/13DD14, was competent to move systemically in this
ost. Agarose gel electrophoretic analysis of RNA iso-
ated from purified virions of B3/13DD14 and B3/18DD19
evealed a profile distinct from that of B3/D919 (Fig. 2E,
ompare lane 2 with lanes 3 and 4). Unlike B3/D919, CP
ynthesized from B3/13DD14 and B3/18DD19 packaged
ear wt levels of genomic RNA1, whereas B3/13DD14,
ut not B3/18DD19, failed to package subgenomic RNA4
o detectable levels (Fig. 2E, lanes 3 and 4) and only a
race amount was detected by Northern blot analysis
Fig. 3B). Interestingly, a reduction of 30% in RNA3 pack-
ging was observed for B3/13DD14 (Fig. 2E, lane 3; Fig.
B) but not for B3/18DD19 (Fig. 2E, lane 4; Fig. 3B).
irions of these two variants contained near wt levels of
ull-length genomic RNA1 and, unlike B3/D919, no frag-
ented RNA1 similar to RNA2a was detected (Fig. 2E).
n vitro reassembly assays demonstrate that CPs
erived from B3/D919 and B3/13DD14, but not
3/18DD19, are specifically defective in
ackaging subgenomic RNA4
Like that of BMV RNA1, hybridization of virion RNA of
3/D919 with a riboprobe specific for RNA4 did not re-
eal any indication of RNA4 fragmentation (Fig. 3B).
herefore, it is likely that low levels of RNA4 seen in total
nd virion RNA of B3/D919 (Figs. 3A and 3B) could be the
esult of defective packaging of RNA4 by the truncated
Ps. To verify this possibility a series of in vitro reassem-
ly experiments between BMV CP and RNA were per-
ormed. Purified Bromovirus preparations can be disso-
iated into protein and RNA and can be reassembled in
itro to yield virions like those found in natural infections
Fox et al., 1994). A variety of conditions that facilitate the
eassembly of bromovirus RNA and protein have been
escribed (Fox et al., 1994; Zhao et al., 1995). Although no
mpty virions have been found in vivo (Fox et al., 1994),ither empty or RNA-containing virions or both can be
ssembled in vitro using different assay conditions.
hus, when CP and RNA are allowed to reassemble in
uffer A (1 M NaCl, 50 mM NaAc, pH 4.8, 10 mM KCl, 5
M MgCl2, and 1 mM DTT) both empty and RNA-con-
aining virions are formed. By contrast, reassembly in
uffer B (50 mM NaCl, 50 mM Tris, pH 7.2,10 mM KCl, 5
M MgCl2, and 1 mM DTT) results in the formation of
RNA-containing virions only. Since the major objective of
this study is to examine the competence of mutant CPs
to package BMV RNAs under conditions which closely
reflect those seen the plant cell, all reassembly assays
were done using buffer B. To synthesize full-length RNA4
transcripts, a plasimd pT7B4 (Fig. 5) containing a cDNA
copy of RNA4 was constructed. In vitro transcription of
this plasmid resulted in the synthesis of RNA4 transcripts
identical to those found in wt BMV virions.
Two sets of in vitro reassembly assays were per-
formed to test the competence of CP of B3/D919 to
package BMV subgenomic RNA4. Reassembly using CP
from wt BMV served as a control. In the first set of
experiments, all four wt BMV RNAs recovered from pu-
rified virions were supplied as substrates for CPs of
either wt BMV or B3/D919. In the second set, in vitro
synthesized transcripts of either full-length genomic
RNA1 or RNA4 were used. In addition, we also examined
whether CP of B3/D919 is competent for assembly into
virions when purified RNA2a is supplied as a substrate.
Results of these in vitro reassembly assays are summa-
rized in Fig. 6 and Table 1.
We observed that the reassembly process between
BMV CP and a given RNA is highly specific under the
conditions tested, since icosahedral virions were assem-
bled only when homologous BMV genomic RNAs were
provided as substrates, but not heterologous Xenopus
RNA (1.5 kb; Table 1). As expected, absence of any RNA
in the reaction did not result in empty capsid formation
(Table 1). In the first set of reassembly assays, as evi-
denced from Northern blot hybridization, wt CP pack-
aged all four BMV RNAs (Fig. 7A, lane 1), whereas CP of
B3/D919 packaged only three of the four BMV RNAs (Fig.
FIG. 5. Schematic representation of pT7B4. The entire sequence of
subgenomic RNA4, identical to that found in wt BMV, is positioned
under the control of a T7 promoter (indicated by arrow at the 59 end)
with the start of transcription corresponding to the 59 end of RNA4.
Single lines represent noncoding regions and stippled box represents
coat protein ORF. The sequence of a 9-base leader and the CP start
codon (underlined) is shown. The DNA template was linearized with
BamHI (shown at the 39 end) prior to in vitro transcription.7A; lane 2). Reassembly assays between wt CP and
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in formation of virions identical to those observed in
natural infections (Fig. 6; Fig. 7B; lanes 1 and 4; Table 1).
Likewise, the CP of B3/D919 also efficiently packaged
full-length genomic RNA 1 (Fig.7B) and did not result in
fragmentation that was seen in virions recovered from
symptomatic leaves. These observations indicate that
CP of B3/D919 is not defective in packaging RNA1, while
fragmentation of RNA1 (Figs. 4B–4F) could have been the
result of specific instability of RNA1-containing virions
during the purification procedure.
By contrast to genomic RNA1, transcripts of sub-
genomic RNA4 were not packaged by the CP of B3/D919
(Fig. 7B, lanes 5 and 7; Table 1), confirming that CP of
B3/D919 is specifically defective in packaging BMV sub-
genomic RNA4. Purified RNA2a was not assembled into
virions with the CP of either wt or B3/D919 (Fig. 7B, lanes
3 and 6; Table 1), indicating that sequences deleted in
RNA2a are important for interaction with CP during virion
assembly. Similar in vitro reassembly assays were per-
FIG. 6. In vitro reassembly assays. Electron micrographic images
howing the negatively stained preparations of in vitro reassembled
articles from purified CP of either wt BMV or B3/D919 and the indi-
ated RNAs. Bar 5 100 nm.formed with CPs of B3/13DD14 and B3/18DD19 (Table 1).As observed in vivo, CP of B3/13DD14, but not that of
B3/18DD19, is exclusively defective in packaging sub-
genomic RNA4 (Table 1).
Previously it was demonstrated that deletion of the
first 7 N-terminal amino acids containing a single lysine
residue from the matured BMV CP did not reveal any
packaging defects (Rao and Grantham, 1995, 1996; Sa-
cher and Ahlquist, 1989). In this study, the in vivo pack-
aging competence of arginine-rich motif-defective CPs
translated from the subgenomic RNAs of B3/D919 and
B3/13DD14 revealed previously unrecognized features of
the interactions between BMV RNA and the CP N-termi-
nal basic arm. The N-terminal ARM located between
amino acid positions 8 and 20 of BMV CP primarily
contains regions essential for specific and discrete in-
teractions with BMV genomic RNA1 and subgenomic
RNA4 (Figs. 3 and 4). For example, although wt level
full-length genomic RNA1 was consistently recovered
from symptomatic leaves of B3/D919 (Fig. 4A), virions
purified from the same tissue contained only trace
amounts of full-length genomic RNA1 and a series of 59
coterminal truncated RNA1 fragments (Figs. 4B–4F), sug-
gesting that deletion of the entire ARM region of BMV CP,
but not parts of it as exemplified by B3/13DD14 and
B3/18DD19 (Fig. 2E), affected the stability of particles
containing RNA1. By contrast the stability of particles
containing BMV genomic RNAs 2 and 3 appear to be
independent of the N-terminal ARM, since CP variants
examined in this study did not exert the same effect that
was seen for virions containing RNA1 (Figs. 2 and 3). In
TABLE 1
In Vitro Reassembly Assaysa
RNAs
Coat Proteinb
Wt BMV B3D919 B3/13DD14 B3/18DD19
I. Virion RNA 1c 1d 1d 1c
II. Transcripts
(A) RNA1 1 1 1 1
(B) RNA4 1 2 2 1
III. RNA2ae 2 2 NT NT
V. Xenopus RNA f 2 2 2 2
V. No RNA 2 2 2 2
a In vitro reassembly assays were performed according to Zhao et al.
1995) and examined under EM. (1) indicates presence of virions; (2)
ndicates absence of virions; NT, not tested.
b CaCl2 method was used to isolated coat protein from density
gradient purified virus preparations.
c All four BMV RNAs were found to be packaged by Northern blot
analysis.
d Only the three genomic RNAs were found to be packaged by
Northern blot analysis.
e RNA2a was purified on low-melting-point agarose from virions of
B3/D919.
f In vitro transcripts of Xenopus RNA (1.5 kb) were obtained from a
clone provided in the MEGAscript kit (Ambion).
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384 CHOI, GRANTHAM, AND RAOview of these findings, we speculate that signals for
recognizing genomic RNA1 and subgenomic RNA4 are
localized within the N-terminal ARM of BMV CP, while
those required for genomic RNAs 2 and 3 resided else-
where in the CP.
A most significant outcome of this study is the defective
packaging trait exhibited by the CPs of B3/D919 and B3/
3DD14 in vivo and in vitro for subgenomic RNA4. Although
MV RNA3 and 4 are predicted to be copackaged into one
article, our data indicate genomic RNA3 can be packaged
ndependent of subgenomic RNA4, since virions purified
rom symptomatic leaves of B3/D919 and B3/13DD14 con-
ained only RNA3 but not RNA4 (Figs. 6 and 7B). This
onjecture is supported by the recent demonstration of
ndependent packaging of BMV CP mRNA into virions as-
embled from 120 CP subunits in yeast cells (Krol et al.,
999). The specific packaging defect of subgenomic RNA4
xhibited by B3/13DD14 suggests that positively charged
rginine residues located at positions 13 and 14 are inti-
ately involved in packaging. Alternatively, structural fea-
ures of the region containing the deletion could also exert
onstraints that lead to defective packaging. For example,
revious NMR studies with cowpea chlorotic mottle bromo-
irus (CCMV) CP showed that the N-terminal basic arm
ssumes an a-helical conformation upon binding of RNA or
ligophosphates to the region between residues 8 and 18
Vriend et al., 1986; Van der Graaf et al., 1992). Thus, it is
ikely that the N-terminal a-helical conformation might play
n important role in RNA binding and subsequent virion
ssembly in Bromoviruses. Since amino acid residues out-
ide the ARM are also required for wt activity (Burd and
reyfuss, 1994), a full understanding of the structure and
NA-binding properties of ARM domains will require exam-
FIG. 7. Northern blot analysis of RNA isolated from in vitro reas
hybridization with riboprobes are as described under Fig. 3. Blot A was
blot B was hybridized with a mixture of riboprobes complementary
pT7/T3B1SH (Fig. 4). The position of four BMV RNAs is shown to thenation of the rest of the protein.MATERIALS AND METHODS
n vitro transcription, protoplast assays, whole plant
noculations, and Western blot analysis
Throughout these studies biologically active clones
orresponding to BMV RNA1 (B1), RNA2 (B2), and RNA3
B3) were used (Dreher et al., 1989; Rao et al., 1989).
eletions were engineered into a biologically active
lone of B3 using PCR (Rao and Grantham, 1995, 1996).
ynthesis of capped in vitro RNA transcripts from wt and
ariant clones, replication assays in protoplasts, and
etection and quantification of progeny RNA are as de-
cribed previously (Rao et al., 1989, 1994). The biological
ctivity of wt and variant clones was tested on Cheno-
odium quinoa (Rao and Grantham, 1995). Encapsidation
ssays were done by micropurification as described
reviously (Rao and Grantham, 1995). For Western blot
nalysis, CP samples were fractionated on a 16% SDS–
AGE and transferred to nitrocellulose membrane. CP
as detected using anti-BMV CP and a chemilumines-
ent kit (Osman et al., 1998).
Northern blot analysis and plasmids for riboprobes
For Northern blot analysis, nucleic acid preparations
were denatured with glyoxal, electrophoresed in 1% aga-
rose gels, and electrophoretically transferred to Nytran
membranes (Rao et al., 1994). Each blot was hybridized
with 32P-labeled riboprobes of desired strand and RNA
species specificity. To synthesize riboprobes encom-
passing a specific region within the BMV RNA1 se-
quence, three individual clones were constructed (Fig. 4):
(1) Plasmid pT7T3/B1PS was constructed by cloning a
d virions. Conditions for denaturation of RNA, electrophoresis, and
ized with a riboprobe complementary to 39 tRNA-like region, whereas
RNA-like region and specific for BMV genomic RNA1 derived from
the positions of BMV RNAs 1 and 4 are shown to the right.semble
hybridPstI-SacI fragment encompassing 59 596 bases from
H
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385MOLECULAR STUDIES ON BROMOVIRUS CAPSID PROTEINpT7B1 into pT7/T3–18U; (2) Plasmid pT7T3/B1SH was
constructed by cloning 721 bases from pT7B1 as SacI-
HindIII fragment into pT7/T3–18U; and (3) Plasmid pT7/
T3HX was constructed by cloning 1769 bases from
pT7B1 as HindIII-XbaI fragment into pT7/T3–18U. A T7
transcript from all these vectors was used to detect
progeny (1) RNA. Primer extension was done according
to Sambrook et al. (1989).
Coat protein preparation, in vitro reassembly assays,
and electron microscopy
Purified BMV virions of either wt or variants were
dissociated into coat protein by dialyzing at 4°C for 24 h
against a buffer containing 500 mM CaCl2, 50 mM Tris–
Cl, pH 7.5, 1 mM EDTA, 1 mM DTT, and 0.5 mM PMSF
Verduin, 1978). Following a low-speed centrifugation at
4,000 g for 30 min, the supernatant was subjected to
155,000 g for 2 h to remove intact virions. Dissociated
coat protein concentration was determined by a spec-
trophotometer. In vitro reassembly assays were done
essentially as described by Zhao et al. (1995). Briefly, CP
and desired RNA transcripts were mixed in ratio of 1:5
(wt/wt) and dialyzed at 4°C for 24 h against an assembly
buffer containing 50 mM NaCl, 50 mM Tris–HCl, pH 7.2,
10 mM KCl, 5 mM MgCl2, and 1 mM DTT. The assembled
virions were concentrated by using Centricon-100 mi-
croconcentrators (Amicon, Beverley, MA), and sus-
pended in virus stabilization buffer (sodium citrate buffer,
pH 4.8). In vitro reassembled virions were negatively
stained with 1% uranyl acetate and examined under a
Hitachi transmission electron microscope. RNA was iso-
lated from nuclease resistant in vitro reassembled viri-
ons and analyzed by Northern blots.
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